Head-up displays offer ease-of-use and safety advantages over traditional head-down displays when implemented in aircraft and vehicles. Unfortunately, in the traditional head-up display projection method, the size of the image is limited by the size of the projection optics. In many vehicular systems, the size requirements for a large field of view head-up display exceed the space available to allocate for these projection optics. Thus, an alternative approach is needed to present a large field of view image to the user. By using holographic optical elements affixed to waveguides, it becomes possible to reduce the size of the projection system, while producing a comparatively large image. Additionally, modulating the diffraction efficiency of some of the holograms in the system presents an expanded viewing eyebox to the viewer. This presentation will discuss our work to demonstrate a magnified far-field image with an in-line two-dimensional eyebox expansion. It will explore recording geometries and configurations and will conclude by discussing challenges for future implementation.
INTRODUCTION
The term head-up display (HUD) refers to a display of instrument readings in an aircraft or vehicle that can be seen without lowering the eyes, typically through being projected on to the windscreen or visor.
1 Functionally, this means that, for a vehicle using a HUD system, relevant safety, status, and control information can be displayed within the same field of view (FOV) the user would typically use to look at the external environment. This offers users a number of advantages over traditional dash-mounted or head-down display (HDD) designs, including shorter accommodation times and increased eyes-forward time, 2, 3 both of which translate to enhanced situational awareness and faster reaction time by users.
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Traditionally, HUD systems have been laid out as shown in Fig. 1 , where light from a source is encoded with an image and propagated through a collection of relay optics toward a transparent, partially reflective combiner. The combiner reflects this light back to the user. [7] [8] [9] [10] [11] [12] The choice of relay optics in the system can locate the projected symbology in the observer's far field. 13, 14 This display system presents relevant control information to the vehicle's operator, while still allowing light from beyond the combiner to propagate to the observer.
Despite the advantages that HUD presents to drivers and pilots, it has not been widely implemented in either automotive or aviation applications. This is due, in part, to the small FOV available with the traditional system. In order to project a larger image, the size of the relay optics needs to increase. Unfortunately, this size increase to the relay optics, and thus the packaged volume, quickly becomes unfeasible for most vehicular applications. [15] [16] [17] Additionally, the traditional projection system suffers from a small eyebox, which describes the area over which an observer can see the unvignetted image.
To address these issues, recent research has explored the use of diffractive optics and holographic optical elements (HOEs) to achieve image magnification and pupil expansion. [18] [19] [20] [21] [22] [23] [24] In these systems, a HOE couples light into a waveguide, where it propagates due to total internal reflection (TIR) until it interacts with other Light from an outside source is projected through the waveguide HOE system to present an image to the observer over an expanded eyebox. Successive HOEs increase the exit pupil size, vertically then horizontally.
HOEs, each of which might modify the beam or redirect it out of the waveguide toward an observer. Fig. 2 provides an example of how these systems might work: An 'injection' HOE redirects the light from a source down the length of a waveguide to a 'redirection' HOE, which magnifies the exit pupil vertically and sends the light laterally along the length of the waveguide. The diffraction efficiency (DE) of the 'redirection' HOE is modulated to achieve uniform intensity across the entire beam profile as it propagates away to the 'extraction'. The 'extraction' HOE achieves horizontal pupil expansion with the same modulated DE technique and redirects the light out of the waveguide to the observer.
Previous research efforts have demonstrated an "L" shaped 2D pupil expansion. 24 However, in this geometry, the 'redirection' HOE in Fig. 2 serves as a limiting factor on the FOV, as the angular bandwidth of the holograms is taxed by the 90
• beam redirection. In this paper, we propose an in-line vertical pupil expansion to increase the effective FOV presented through the system. We use an Optic Studio model to demonstrate the feasibility of such a system, achieving a FOV of 11
• × 11 • , though this seems to be limited by the size of the surface relief grating (SRG) and the number of segments available to the program for the ray trace. Subsequent research efforts will aim to refine the computer model and create a physical demonstrator of the principle.
IN-LINE 2D PUPIL EXPANSION
In this paper, we share a novel approach to achieve pupil expansion in a waveguide HUD system with inline HOEs. In this system, light incident on an 'injection' HOE propagates down the length of a waveguide, where it interacts with a SRG, which splits the light into ±1 and 0-diffraction orders. Subsequent interactions of the diffracted light with the SRG again splits the light into a '0-order', which follows the initial propagation direction before interacting with the grating and '±1' orders, which continue in the initial propagation direction. The '0-order' diffraction extends the area of interaction for the light propagating along the length of the waveguide. This interaction vertically expands the eyebox of the system. Horizontal pupil expansion is achieved by encoding a variable DE across the length of the extraction so that the amount of light extracted from any point along the length of the waveguide is the same intensity. 23 Figs. 3 and 4 demonstrate front and isometric views of the system, respectively. Note that some light propagates in the direction of the '±1-orders', which is not directed to the observer and is, therefore, wasted in the existing system. 
Injection
The injection HOE is designed to redirect incident light beyond the critical angle so that the light continues propagating within the waveguide due to Total Internal Reflection (TIR). For glass with an index of 1.5, this critical angle is 41.8
• . We chose the redirection angle of the injection hologram such that normally incident light propagates between the critical angle and a maximum angle determined by the size of the injection hologram and the thickness of the waveguide. The maximum propagation angle is given by tan(θ max ) = w/2 t where t is the waveguide thickness and w is the width of the injection hologram. For our system with an injection hologram width of 0.5" and a thickness of 0.125", the maximum propagation angle is 63.4
• . The injection is recorded at the angle between these two extremes, for an injection hologram that redirects normally incident light at 52.6
• .
Extraction
The extraction HOE is designed to diffract incident light propagating within the waveguide at the angle calculated for the injection hologram diffraction (52.6
• ) so that it propagates perpendicular to the waveguide surface. It is recorded with variable DE along the length to achieve uniform intensity across the entire extraction. In the case of this model, there are eight HOE segments with DE increasing from 1/8 to 1 along the length of the HOE according to η n = 1 N −n+1 where n is the current segment number, η n is the DE of the n th element, and N refers to the total number of segments. The real HOE might have a gradient DE curve across its length, as opposed to the step function available in the computer simulation.
Surface relief grating
The injection and extraction HOE pair works to achieve horizontal pupil expansion, as shown in Fig.5a , where a thin portion of the projected image is visible. Moving the observation point vertically will shift the projected strip along the injected image, but will not increase the FOV.
To increase the FOV vertically, we added another diffractive feature to our system: an SRG that diffracts light into three diffraction orders while the light propagates laterally within the waveguide. We chose to use an SRG instead of a HOE because of the thickness of the feature and the fact that it diffracts light into multiple orders. This element was created in Zemax with the Lenslet Array tool, using a grating spacing of 1 line per micron. Figs. 5b and 5c show that the FOV is vertically expanded with an attached SRG. The SRG in Fig. 5b is half the size of that shown in Fig. 5c , meaning that there are not enough interactions between the propagating light and the SRG to expand the FOV so that the system shows the entire image to the observer.
NEXT STEPS
Having successfully demonstrated a simulation that predicts the viability of the in-line 2D pupil expansion effect, our next research efforts will seek to develop a physical demonstrator in the geometry discussed in Sec. 2. We have recorded a successful injection/extraction HOE pair, as shown in Fig. 6 , and are in the process of recording a corresponding SRG using lithographic printing methods. One area that bears continued investigation is that of a variable depth along the vertical segments of the SRG, which might reduce the amount of wasted light sent into the '±1-order' directions.
CONCLUSION
HUD has the potential to improve driver and pilot safety if successfully implemented in commercial vehicles. However, the FOV of current HUD designs has prevented this technology from being implemented as anything other than a novelty. In this paper, we explore existing HUD technologies and the ways they attempt to improve the FOV of the system. We begin by introducing a traditional projection geometry with a combiner and transitioned to waveguide HOE-assisted HUDs. The main body of this paper explored a Zemax OpticStudio model of a new waveguide HOE geometry that achieves FOV and eyebox expansion with a SRG overlaid on the 1D pupil expansion configuration. Our design has a FOV of 11
• × 11
• . We look forward to completing this research effort in the near future with a physical demonstrator of the principles demonstrated in the model. 
